Introduction: Low-level electrocardiographic changes from depolarization wavefront may accompany acute myocardial ischemia. The purpose of this study was to assess the changes of microvolt amplitude intra-QRS potentials induced by elective percutaneous coronary interventions (PCI). Methods: Fifty-seven patients with balloon inflation periods ranging from 3.1 to 7.3 minutes (4.9 ± 0.7 min) were studied. Nine leads continuous high-resolution ECG before and during PCI were recorded and signal-averaged. Abnormal intra-QRS at microvolt level (μAIQP) were obtained using a signal modeling approach. μAIQP, R-wave amplitude and QRS duration were measured in the processed ECG during baseline and PCI episodes.
Introduction
Accurate noninvasive detection of myocardial ischemia episodes is still a major challenge. Emergency care of patients with acute chest pain or symptoms of acute myocardial ischemia is based on decisions to reduce the delay between the beginning of the ischemic event and the application of therapeutic interventions or subsequent diagnostic tests. New ischemia detection methods are also valuable in the current technology of implantable cardiac devices for continuous monitoring systems. Although detection of acute myocardial ischemia is typically analyzed by the predictive power of ST-segment deviation in the standard 12-lead ECG [1] , other indices associated with ischemic changes of the QRS complex should be considered to improve the diagnosis of ischemia. Several studies on QRS-derived changes during ischemia have measured the R-wave amplitude change [2] [3] [4] , the QRS duration [5, 6] and high-frequency QRS fragmentation [7] [8] [9] [10] . Recently, changes in QRS morphology during ischemic events have been developed, such as QRS slopes and its angles change [11] [12] [13] .
For many years, notches and slurs visible in the standard ECG (fragmented QRS) have been associated with disruption of ventricular activation in the presence of scarring [14, 15] . After acute myocardial infarction (MI), myocardial fibrosis may fragment the wave of depolarization generating and increase of fragmented portion of the QRS and possible increase in highfrequency QRS amplitude [14, 15] . However, several studies have shown that infarction may provoke both the increase of QRS notching and decreasing high-frequency QRS energy [16, 17] . An area of ischemic tissue with increased highfrequency energy represents only transient changes that occur over a small time period in the depolarization sequence. But these short potentials are overwhelmed by the more persistent and larger amplitude effect of slowed myocardial conduction causing a decrease in high frequency QRS energy [17] .
Although notches and slurs have traditionally been considered high-frequency components they are difficult to isolate by filtering or spectral analysis since fragmented QRS are uniquely characterized in the time domain as transient signals: biphasic or multiphasic spikes, or abrupt changes of gradient. We have defined abnormal intra-QRS potentials (AIQPs) as subtle alterations, or low amplitude notches and slurs, in the QRS of the ECG [18] . The technique characterizes QRS fragmentation and may be a noninvasive predictor of arrhythmic events after myocardial infarction associated with abnormal activation related to scarring [19] . Microscopically, fragmentation of the QRS complex has been related to electrical activation wavefront from the myocardium caused by the branching nature of the conduction system, whereas, the reduction of highfrequency components during ischemia has been linked to slowed conduction velocity in the myocardial cells or the conduction fibers, reducing the fragmentation of the depolarization wavefront [20, 21] . Among the QRS-derived indices of ischemia, the reduction of high-frequency fragmentation RMS and peak amplitudes of signalaveraged high-frequency QRS complexes (usually between 150 to 250 Hz) and occurrence of reduced high-frequency amplitude zones have been found to have useful in detecting ischemic episodes [8, 22] . Microscopic-level fragmentation of the QRS complex may also be characterized by AIQP technique. The present study applied the concept of AIQP at μV level as a marker of ischemically altered ventricular activation.
The objectives of this work were: (i) to assess the changes of μV level abnormal intra-QRS potential during acute myocardial ischemia and characterize the spatial distribution of their change in relation to the coronary occlusion site and (ii) to evaluate other large scale QRS-derived indices, such as the R-wave amplitude and QRS duration.
Methods

Study population
We studied ECGs from the STAFF III database, a set of records from 104 patients with stable angina pectoris who underwent elective percutaneous coronary interventions (PCI), using non-perfusion balloon catheters at the Charleston Area Medical Center, WV. The study was approved by the Investigational Review Board and informed consent was obtained from each patient. The occlusion periods were considerably longer than those in usual coronary angioplasty procedures due to the treatment protocol that included a single prolonged occlusion instead of a series of brief occlusions in each artery. The database was obtained before coronary stents were widely available. Therefore, these PCI procedures were a good model of hyper acute transmural ischemia. The database includes 182 studies of occlusion, because 35 of the 104 patients had more than one coronary occlusion. This study considered only the first occlusion procedure in every patient to avoid the influence of recent occlusions. Inclusion criterion was occlusion duration of at least 3-min. Exclusion criteria were: predominant arrhythmias at inclusion or during the PCI, intraventricular conduction delay with QRS duration N 120 milliseconds, ECG electrode misplacement or missing leads and predominant low-quality noisy ECG signals. In this latter context, as it is essential to have records with low noise and interference for studying low-amplitude wide-frequency spectrum QRS signals, strict criteria concerning to noise level in each of 12 leads of the ECG signal were imposed (described below). Fifty-seven patients were included. Balloon inflation periods ranged from 3.1 to 7.3 minutes (mean ± SD = 4.9 ± 0.7 min). Patients were classified according to the location of the coronary artery occlusion: left anterior descending (LAD) (n = 17), left circumflex (LCx) (n = 12) and right (RCA) (n = 28). Patients were also classified into two groups according to the presence of prior healed myocardial infarction (old-MI) (n = 19) or not (No-MI) (n = 38), as indicated by the standard 12-lead ECGs using the Selvester QRS scoring system [23] . The baseline characteristics of patients included in this study are presented in Table 1 . There were no significant differences in age, sex or occlusion time between the no MI and the old MI groups.
Data acquisition
Continuous high resolution ECGs were acquired at 1 kHz, with 0.6 μV of amplitude resolution with equipment provided by Siemens-Elena (Solna-Sweden). Nine-lead signals were stored on hard disk for post hoc analysis. Standard electrode placement was used for precordial leads V1 to V6, and limb lead electrodes were placed according to the Mason-Likar electrode configuration to reduce skeletal muscle noise. The three augmented aVL, − aVR and aVF were calculated from the limb leads. A pre-inflation control ECG recording was acquired continuously during 5 minute in the supine position before any catheter insertion in the catheterization laboratory. During the PCI procedure another ECG recording was acquired continuously commenced approximately 1 minute before balloon inflation and ended at least 3 minutes after deflation. A data form indicating the exact times of inflation and deflation of the balloon was completed for each patient at the time of data collection.
Preprocessing
Continuous ECG recordings were signal averaged to ensure low noise level when analyzing the micro-potential QRS signals. For the control ECG recording, assuming homogeneous beats, conventional ensemble averaging was applied. Whereas for PCI recording an exponential averaging recursive technique was employed to track changes in QRS morphology while ensuring a better noise level reduction. A detailed description of the procedure is presented in [8, 11] . Noise level was estimated in each lead of the signal-averaged beat as the RMS value during 100 ms, starting 100 ms after QRS end. The inclusion noise criteria were a noise level of 0.75 μV or lower for each of the 12 individual leads and similarity of noise level, within 0.35 μV, between the control and the end of the occlusion beat.
Data selection
For this study we chose a baseline ECG episode and an occlusion ECG episode at the end of the balloon inflation period, satisfying the noise criteria. Both events were analyzed using signal-averaged beats. The baseline signalaveraged beat was selected using the following condition. Firstly, if the ECG recording during PCI contains a sufficient period before the inflation of the balloon to obtain an averaged beat within the noise criterion then the baseline averaged beat is chosen from the pre-inflation period of the PCI recording. Otherwise, an averaged beat from the pre-inflation control ECG recording within the noise criteria was selected. As occlusion-ischemic (PCI) ECG episode, we selected the averaged beat at the end of balloon inflation since maximal myocardial ischemia could be expected to occur in the last part of the PCI procedure. However, if the noise criterion is not fulfilled at the end of the occlusion (in some cases due to fluoroscopy-related interferences) the latest averaged beat within the occlusion period greater than 3-min was chosen. Reperfusion data were not analyzed.
ECG beats were automatically delineated to obtain QRS onset and offset and R-wave amplitude. QRS limits of the beat were obtained using a multi-lead approach [24] . R-wave and ST amplitude deviation were computed for each single lead using the PR segment as the isoelectric level.
Very low-amplitude AIQP
AIQP have been obtained subtracting the smooth, predictable part of the QRS from the actual QRS. We have also applied the technique to track subtle morphology change of the QRS, removing the predictable part of the QRS during transient myocardial ischemia referenced to the baseline QRS waveform [25] obtaining an increase in the medium-level of QRS waveform alteration during ischemia. However, in this study we obtained QRS models from both baseline and occlusion beats and computed AIQP of each beat based on its model. The technique, fully described in [18] , consists in predicting a normal (ideally) smooth QRS signal based on parametric modeling approach. The QRS complex can be considered as the response of the cardiac system to an impulse stimulus at the atrioventricular node. It may therefore be described by a rational transfer function, considered mathematically to be the impulse response of a hypothetical cardiac system. Depending on the model order chosen, the impulse response can represent the smooth regular part of the QRS complex, leaving possible very-low level AIQP or micro-level fragmentation in the residual. A modeled QRS was calculated for each lead of the signal-averaged beats from both baseline ECG and occlusion PCI episodes. Each individual-lead signal-averaged QRS complex from the episodes is presented to be modeled. The time-domain QRS signal is preprocessed with the discrete cosine transform (DCT) in order to produce an energy-compacted form of the QRS [18] . The DCT of the QRS, y(n), is then modeled as the impulse response of an autoregressive model with exogenous input (ARX) structure of a linear system [26] . The ARX model is expressed mathematically as
where u(n) is an impulse function, e(n) is the residual or unpredictable part of y(n), and the set of coefficients a i and b j comprise the model with order (na, nb). The modeled or predictable signal ŷ(n) can be expressed as a linear regression 
T . The parameters of the model θ were analytically estimated minimizing the model fitting error (y(n) -ŷ(n)) by the least-squares estimation method [18, 26] , with the loss function V ARX (θ)
where p is the greater value between na and nb. The data of N samples include a prepending of p leading zeros, therefore the summation in (2) starts at the first sample of the signal. A model order of (na = 7, nb = 8) was used for all subjects and all leads. This model order was chosen on the basis of previous experience [19, 25] . The inverse DCT is then applied to produce the modeled QRS in the time-domain and subtracted from the original QRS signal. The difference is a residual signal (υ(n)) that represents the unpredictable part of the QRS, i.e., the part that cannot be modeled. The residual is the abnormal intra-QRS signal, or μV level fragmented part of the QRS, and was quantified by computation of the RMS amplitude between the QRS limits (μAIQP). The modeling process may be thought of as a form of filtering in which the filter is designed to fit the smooth, predictable part of the QRS. To quantify the amount of AIQP changes due to the ischemia at the end of the PCI procedure respect to baseline, variation of the μAIQP due to PCI were also calculated for each lead (ΔμAIQP).
R-wave amplitude and QRS duration analysis
We assess other depolarization alterations from baseline to occlusion recordings: R-wave amplitude and the duration of the QRS (QRSd). R-wave amplitudes of each lead of the selected beats were automatically computed using the PR segment as the isoelectric level. QRS duration (QRSd) was globally calculated for each beat. Changes of R-wave amplitude and QRS duration due to PCI procedures were also calculated (ΔRa, ΔQRSd).
ST-segment analysis
ST-segment deviation at the ST-J point was automatically calculated in each lead, using the PR segment as the isoelectric level. Changes of ST-segment deviation at the end of occlusion respect to baseline were also determined for each ECG episode (ΔST).
Statistical analysis
Results are presented as means ± one standard deviation (SD). Comparison of means between reference and PCI epochs were analyzed by paired samples t-test. Between-groups analyses were performed using unpaired t-test. Chi-squared test was used when comparing categorical data. A p-value b 0.05 was considered statistically significant. All analyses were performed using SPSS for Windows, release 19.0 (SPSS Inc., Chicago, Illinois).
Results
μAIQP changes due to PCI Fig. 1 presents an example of the characterization of verylow level QRS fragmentation using AIQP in a precordial lead. The top panel shows the QRS complex of lead V6 from a baseline ECG episode. The AIQP signal is formed by subtracting the modeled QRS (dashed line) from the original QRS (solid line). The QRS μV fragmentation is represented in the AIQP waveform. The RMS amplitude of the AIQP (μAIQP) in this episode is 6.8 μV. The bottom panel, in the same format, shows a PCI-ischemic ECG episode having a lower fragmentation of the QRS compared to the baseline episode (μAIQP = 4.4 μV). Following the same trend in most of the cases studied, the very low amplitude fragmentation, representing micro-Volts notches and slurs on the QRS, decrease during the ischemic episodes. Table 2 shows the mean μAIQP values for each of the 12 leads at baseline and PCI episodes in all patients. A marked decrease of the mean of μAIQP amplitudes for each lead is observed at the end of the balloon occlusion episode.
Spatial distribution of ischemia-induced ECG changes μAIQP
In the panel A of Fig. 2 , the changes of μAIQP (ΔμAIQP) due to PCI are shown (mean ± standard error of the mean (SEM)) for each of the 3 groups LAD, LCx and RCA in the 12 leads. The spatial distribution of μAIQP displays a reduction of fragmentation along the 12 leads from baseline to the ischemia episode. The decrease was more marked in the precordial leads (excepting V3) and leads associated with inferior ischemia (− aVR, II, aVF and III) in the LAD occlusion group. While in the RCA group the reduction was only significant in the limb and augmented leads (p b 0.05). In the LCX group, the significant μAIQP reduction was in V6, aVL, I, − aVR, II and aVF. Changes in μAIQP were not able to separate neither the occluded artery groups nor the groups with MI or not. The mean of μAIQP values during baseline and PCI were not different between the No-MI and old-MI groups in the LAD occlusion group. However, the values were smaller during baseline and PCI in the old-MI group respect to No-MI in LCx and RCA subgroups in the limb leads. μAIQP baseline values were lower in all leads, except V1-V2, in the entire group of patients with old-MI compared to no-MI (p b 0.05).
R-wave amplitude and QRS duration change
The spatial lead profile of changes of the R-wave amplitude at the PCI event respect to baseline is shown in Panel B of The average duration of the QRS widened in the entire population (p = 0.001). At the PCI episode 39 patients (68%) showed a prolongation of the QRS, whereas 18 patients (32%) showed a narrowing. No significant difference between episodes was found in the LAD group. But, in both LCx and RCA groups QRSd markedly increased (p = 0.004 and p = 0.023, respectively). The increment was also observed in both no-MI and old-MI groups (p = 0.016 and p = 0.048, respectively). However, QRSd values were similar in both groups at baseline and PCI episodes.
ST-segment changes
The mean changes from PCI to baseline of ST segment deviation at J point for the 3 occlusion artery groups in the 12 leads are shown in Fig. 2 
Discussion
The concept of abnormal intra-QRS potentials at the level of μV was applied to characterize the fragmentation of the QRS complex and its changes due to ischemic injuries. The example of Fig. 1 shows the obtained AIQP waveforms representing time domain transient signals like multiphasic spikes or abrupt changes of gradient. These very-low amplitude signals cannot be isolated using only filtered or spectral analysis. In this study, we have found that microscopic-level fragmentation of the QRS complex described by μAIQP values were reduced during ischemic episodes respect to baseline values. The subjects with LAD occlusions showed significant reduction of μAIQP in the precordial and -aVR, II, aVF and III leads, whereas that those with RCA occlusions the reduction was observed only from the inferior leads. Despite the different spatial distribution pattern of changes in this index fragmentation was not possible to clearly distinguish different groups of occluded artery. However, LAD occlusion resulted in significant changes in the leads associated with most of ventricular regions. RCA and LCx occlusions had negligible influence on leads associated with the anterior region, but were significant on inferior regions.
In a previous study [25] , we characterize AIQP to evaluate the response to coronary artery occlusion, taking a QRS model of the baseline-reference ECG episode. This "normal QRS model" was used as template to calculate AIQP of the rest of beats during occlusion. We found an increase in amplitude between baseline and ischemic episodes of 40-100 μV (macro-AQIP), but this increase represents a medium or large change in QRS morphology. These changes can be associated to altered different timing conduction of the left and the right part of the heart. A different approach to characterize AIQP was done in this work. The actual QRS was selfreferenced calculating a QRS model of each beat during baseline and occlusion periods. This approach describes very low level AIQP (μAIQP) representing μV level fragmentation of the QRS complex.
The changes in the amplitude of the R wave in this study suggest that ischemic events can differently affect the amplitude, according to the occluded artery. LAD occlusion significantly reduced the amplitude of the R wave in the inferior-associated leads, but increased in those leads on RCA and LCX occlusions. Additionally, in some precordial leads the R wave amplitude was reduced markedly in the RCA and LCx groups, and increased, though not significantly, in the LAD group. Previous studies have reported R-wave amplitude increased in precordial leads and limb leads during brief episodes of transmural ischemia [4] , although different occluded arteries were lumped together for the analysis.
Relationship of the present work with previous studies
The clinical value of high-frequency fragmentation analysis has been reported in diverse studies after its introduction by Abboud and collaborators [7] . High-frequency fragmentation of the depolarization wavefront have been characterized by extracting the high-frequency QRS (HFQRS) components from a signal-averaged beat through band-pass filtering at the frequency band of 150-250 Hz. Often, a butterworth filter is used in a forward-backward fashion. Quantification of HFQRS have been done by using the RMS value of the filtered signal [7] [8] [9] [10] and the pattern of the envelope of the filtered signal [22] . The RMS value of the HFQRS has been recorded during PCI in the same STAFF III database [8, 9, 11, 27] . The results of these studies reveal that ballooninduced ischemia leads to a reduction of HFQRS RMS voltage in the majority of the patients. But they also showed a large interindividual variation and less significant changes in RCA and LCX occlusions, where a considerable number of subjects showed increased HFQRS RMS amplitude in some leads. In a subgroup of no-MI patients of the STAFF III database, Petterson et al. [8] found a more prominent decrease of HFQRS RMS amplitude in most of leads of the LAD occlusion group. The RCA and LCX groups showed minor changes in magnitude of HFQRS. Ringborn et al. [9] used HFQRS RMS amplitude and myocardial scintigraphy to estimate the extent and severity of a reduced subgroup of patients of the database. Their results also showed a higher percentage of HFQRS RMS amplitude reduction in LAD group when using either HFQRS reduction in any lead or in the sum of 12 leads. Our results showed the same trend, where the LAD occlusion produced a greater effect on reducing μAIQP in a greater number of leads. The aforementioned studies [8, 9] have shown that acute coronary occlusion is detected with higher sensitivity using HFQRS RMS amplitude that with standard ST deviation. However, further studies should evaluate the relationship between changes in HFQRS amplitude and μAIQP as both indices can add value to the conventional ST segment deviation in the diagnosis of myocardial ischemia. In addition, other bandwidths and spectral techniques should be analyzed. Pueyo and colleagues [11] , using the same database, found that the best HFQRS bandwidth to detect ischemic changes is 125-175 Hz.
The HFQRS RMS amplitude was also found reduced in patients with intraventricular conduction abnormalities, particularly in left bundle branch block (BBB) with respect to subjects with ischemic heart disease [28] . In our study, patients with prolonged QRS at baseline were excluded, but future studies should be performed to assess the influence of left BBB or right BBB on μAIQP. Fragmented intra-QRS potentials and HFQRS changes can originate not only from alterations in the depolarization waveform but also from changes in conduction fibers velocity, intra-ventricular conduction delay or other pathophysiological factors.
Comparing μAIQP baseline values in old-MI and No-MI groups, lower amplitudes were found in precordial V3-V6, limb and augmented leads in patients with previous MI. Several studies have reported reduced HFQRS amplitudes in patients with MI compared to normal [16] and after experimental infarction [17] . However, other studies using HFQRS analysis with a larger database could not differentiate patients with or without MI [27] . Further studies are needed to elucidate the effects of the presence of old MI on μAIQP.
The technique used in the prior studies, oriented to the frequency domain, consider only the 150-250 Hz band. The fixed-frequency spectral window filter may produce phase distortion in the QRS [29] . Neither frequency spectral estimation methods nor filtering techniques will allow a complete assessment of microscopic-level fragmentation of the depolarization wavefront. The modeling technique used to characterize μV AIQP analyze the QRS with an adapted arbitrary frequency characteristics to extract transient signals related microscopic-level fragmentation QRS. In addition to reduced high-frequency energy of the QRS and other QRS-derived measures, AIQP can be an important tool to improve the noninvasive detection and monitoring myocardial ischemia.
Advantage and limitations
The STAFF III database represents a unique model to study myocardial ischemia in humans. Elective PCI is an advantage of this database because more than 3-min of complete occlusion ensures that all patients had ischemia at the end of PCI. However, handling large amount of continuous high-resolution ECG data from different ECG records require a precise noise-reduction technique with signal-averaging or other techniques. Fluoroscope-related interferences were also frequently found in the PCI records. Strict inclusion criteria regarding the noise level limited the number of patients studied. One limitation of the technique for estimating AIQP is the choice of the model order. The model is fitted to the QRS waveform without a priori knowledge of the signal characteristics. Selection of the model order was chosen on the basis of previous studies with signal-averaged waveforms. Although some attempts have been made to find optimal model orders [30] , further studies should be performed to adequately model the normal QRS of the different 12-lead ECG waveforms. A clinical limitation of QRS-derived indices of ischemia is the large baseline interindividual differences. In this study we have used ECG indices referenced to baseline ECG values of the same subjects. Therefore, the clinical use of μAIQP to diagnose patients with ischemic heart disease or as ischemia detector is still limited. The index can be used for serial ECG analysis in ischemia monitoring to add value to the deviation of the ST segment, as well as in the identification of the occluded artery, mainly in differentiating between LAD occlusions from the LCx and RCA occlusions. The availability of ECGs reference in the population is a major challenge in the era of digital technology and would greatly help to improve the diagnostic value of the ECG in myocardial ischemia.
In conclusion, abnormal intra-QRS potentials at the level of μV, a description a very-low level depolarization signal, have been proposed to assess balloon-induced ischemia changes. μAIQP reduced during PCI respect to baseline in all leads when all the groups of artery occlusions lumped together. The decrease of μAIQP was more marked in the precordial leads in the LAD group only, while the reduction of the index was observed in the limb and augmented leads in each separate LAD, LCx and RCA group. μAIQP and other QRS-derived indices look promising in monitoring ischemia, but future availability of digital personal baseline ECGs in the population or its incorporation in implantable cardiac devices could highly improve the diagnosis value of these indices in patient with acute myocardial ischemia.
